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Compared to traditional impermeable roofs, the green roof provides not only 
aesthetic values but also many ecological benefits. In North America, seeding or 
reseeding with native species becomes increasingly popular as a result of its high efficacy 
and low cost. The extreme temperature and a lack of water on the green roof impose 
restrictions on seeds germination that determines the success of a seeding program.  
The study started on June 1 and was completed by July 15. Five Great Plains 
native species were hand-seeded in two blocks on Larson Building green roof, along with 
two blocks set up in the greenhouse at University of Nebraska-Lincoln East Campus for 
comparison. A 5 x 5 Latin Square was randomized in each block and the germination 
percentage for every three seeds was the experimental unit. Daily, mid-day values of a 
suite of microclimate variables were measured and recorded in the greenhouse and on the 
green roof.  
Germination results were better overall in the greenhouse than those on the green 
roof, except two warm-season species, Liatris squarrosa and Eragrostis spectablis. The 
two blocks on the green roof differed with little germination in the near building plot and 
the significant difference for environmental variables suggested a heterogeneous 
 
 
 
 
environment on this green roof. Germination difference was attributed to solar radiation 
energy driving extreme temperature along with large quantity of water loss which 
inhibited the seeds’ germination or even killed the seeds. The extra energy was largely 
caused by light reflection and thermal transmission from the adjacent buildings.  
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CHAPTER 1: INTRODUCTION 
Currently, in the process of urbanization, more and more natural soil and 
vegetation have become replaced by impermeable surfaces. Large-scale parks were 
established in cities to balance the urban ecosystem, but in general, ground-level 
development cannot meet the ever-growing living standard and increasing public 
expectations for health and well-being (Li, 2005). Meanwhile, green roofs have been 
built up on the top on buildings because of associated environmental stresses (Sutton, 
2015). This is especially true in Germany, the origin of modern green roofs, where it is 
estimated that more than ten percent of the roofs have been greened (Frazer, 2005).  
Compared to many European countries, the green roof industry in North America 
is still burgeoning. For example, according to the survey report by the green roof industry, 
in 2014, 5,537,240 square feet of green roofs were installed on 887 projects across North 
America (Green Roofs for Healthy Cities, 2015). In 2015, the area of green roof 
installation increased at a rate of 18.5% (GRHC, 2016). While partial and complete 
planting failures for these installations occurred, they were generally not reported in the 
literature or these surveys. 
Green roofs represent one kind of engineered ecosystem and usually consist of a 
series of layers starting with vegetation, growing substrate, drainage layer down to root 
barrier and waterproof membrane (Sutton, 2015). Compared to traditional impermeable 
roofs, they may cost more for installation, however, over time, savings for energy and 
roof membrane replacement can pay the initial cost back (Snodgrass, 2006).  
Beautification is obviously one of the main reasons for the popularity of green 
roofs, along with the stress reducing and positive influence on human beings (Monterusso, 
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2005). Other ecological benefits have been studied, such as energy saving (Theodosiou, 
2003), urban habitat provision (Brenneisen, 2006), water retention (Patricia, 2014), water 
quality (Culligan et al, 2014), noise reduction (Dunnett and Kingsbury, 2004), air quality 
improvement and heat island mitigation (Getter and Rowe, 2006).  
Based on the depth of the substrate, green roofs can be classified as extensive 
(<15cm), semi-intensive (>10 cm and <20 cm) and intensive (>15 cm). Influenced by the 
requirements of building load capacity, installation cost and maintenance, extensive green 
roofs take the highest market share. Consequently, extensive green roofs have become the 
focus of many research studies in the attempt to promote the development of the whole 
industry (Maclvor and Lundholm, 2011).  
Unlike elaborate vegetation on intensive green roofs, the shallow growing 
substrate, low maintenance as well as other challenging conditions on conventional 
extensive green roofs have limited plant species that have been utilized (Oberndorfer et 
al., 2007). Sedum species are most commonly planted on extensive green roofs because 
of their extreme drought resistance. Their unique CAM (crassulacean acid metabolism) 
photosynthesis helps resist water stress during long-term drought (Hanscom and Ting, 
1978). In the review of green roof technology research from 1988 to 2010 across North 
America, Dvorak and Volder (2010) found that the majority of green roof researchers put 
emphasis on succulents like Sedum, because of their relative shallow roots and high water 
use efficiency. 
However, only a minority of Sedum species used on green roofs are native to 
North America, and most of them are introduced from Europe and Asia (Maclvor and 
Lundholm, 2011). Sutton (2008) and others (Dvorak and Volder, 2010)  have raised 
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concerns about Sedum overuse on extensive green roofs, in particular as mono-generic 
cultures of non-native species, bringing great potential for insect and disease problems.  
Besides succulents, some species of native grasses and herbaceous perennials 
have the ability to survive in arid and exposed environments and also resist pest and 
disease in their native ecoregions. Herbaceous plants combined with succulents increase 
the biodiversity on green roofs. Biological diversity not only influences the aesthetic 
value and determines the habitat formation, but also has an indirect influence on other 
performance measures. For instance, Tilman et al. (1996) found that more diverse plant 
communities were more productive and may have better drought resistance, both of 
which indirectly influence the green roof functions. Lundholm et al. (2010) showed that 
biodiversity or plant life-form combinations could facilitate some green roof ecosystem 
services like cooling and water retention capabilities. Also, to balance the plant survival 
and green roof performance, Wolf and Lundholm (2008) suggested using grasses and 
succulents on green roofs, since the combination outperforms monoculture of either plant 
form.  
Currently, the main methods for installing plant material on green roofs include 
cuttings, plugs, nursery containers, pre-grown mats and modules. In contrast, the 
installation by seeding is exceedingly rare, even though it is much cheaper than any of 
other methods (McDavid, 2012). Seeding is an effective way to diversify the green roof 
species palette and functional traits (MacDonagh and Shanstrom, 2015). 
Moreover, a green roof is such a dynamic eco-system that the plant communities 
within it change over time. Microclimate is one of the leading causes for dynamic shifts 
but often neglected by green roof designers. Getter et al. (2009) pointed out that 
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temperature, irradiance level, wind and precipitation through the year determined the 
survival of plants on green roofs. According to Monterusso et al. (2005), position on the 
green roof affects seed germination and subsequent plant growth.  
New plants recruit into the disturbance patches in prairie environments via seed 
(Platt, 1977). Green roofs also often have such patches occurring due to uneven 
microclimates not anticipated by the planting designers or from death owing to insects, 
disease, invasive weeds and herbivores. Seeding or reseeding is an efficient way to fill 
the gaps caused by plant death.  
Adequate moisture and heat accumulation are two prerequisites for seeds’ 
germination. However, lack of moisture on a green roof makes germination difficult, and 
the extremely high temperature may even kill the seeds or seedlings. Even if the seed 
remains viable, it may not germinate until the next year or later. Therefore, for successful 
patch seeding, it is necessary to pick out the species suitable for the native environment 
and more importantly, understand how green roof germination will be impacted by 
variable microclimate. 
Previous green roof research by Schwarz (2015) on the Larson Building extensive 
green roof showed unequal incoming long-wave solar radiation between two plots: one 
was close to a south-facing building wall and another was located a short distance away 
from the building toward the middle of the green roof. Based on Schwarz’s research, the 
purpose of this research was to further investigate the microclimate impacts on patch 
seeding. To accomplish this, there initiate experiments were conducted on the same roof 
used in that study. 
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CHAPTER 2: MATERIALS AND METHODS 
Seeds of five selected native prairie species were arranged in Latin Square design 
with a total of four blocks to test germination on the green roof and in the greenhouse. 
Seed germination percentages were chosen as the dependent variable. Simultaneously, a 
series of microclimate measurements were taken each day when the sun was approaching 
solar noon, and they were chosen as independent variables. 
Experimental sites 
This research was simultaneously conducted on the Larson Building 
(40°48'56.2"N 96°42'07.0"W) green roof and in the greenhouse at University of 
Nebraska-Lincoln East Campus (40°49'53.3"N 96°39'53.3"W). The linear distance 
between the two experimental sites is 3.4 km. Both experimental sites are located in 
Lincoln, NE, which has typical four-season humid continental climate with cold, dry 
winter and hot, relatively humid summer. During the study period, average monthly air 
temperature ranged from 18.9 to 31.9°C, and the total precipitation was 97.2 mm 
(Appendix 2).  
The Larson Building is a 10-story complex in downtown Lincoln (Fig 2.1). From 
the bottom up, there is one level of retail stores, seven levels of parking and three levels 
of apartments. A large green roof covers 557.4 m2 above the parking garage (Schwarz, 
2015) and was established in 2012, for the purpose of native species seeding methods and 
protocols research (Sutton, 2013).   Three sides of the green roof are surrounded by a 3-
story apartment building with windows and metal clad siding (Fig 2.1). 
Midwest extensive Roof Media (Midwest Trading Horticulture Supply, INC, P.O. 
Box 398 Maple Park, IL, USA, 60151) was used both on the green roof (10-cm-deep) and 
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Figure 2.1 Overview of Larson building green roof from Google Earth 
N 
in the greenhouse (5-cm-deep). Five available Great Plains native species covering grass, 
forb, and sedge were tested. They were respectively: lilac penstemon (Penstemon 
gracilis), prairie spiderwort (Tradescantia occidentalis), purple lovegrass (Eragrostis 
spectabilis), scaly gayfeather (Liatris squarrosa) and shortbeak sedge (Carex brevior). 
According to previous research, stratification can help seeds to overcome dormancy and 
significantly increase percent seedling emergence including Penstemon, Tradescantia, 
Carex, Liatris (Lindgren, 2004; Burgess, 1966; Schütz and Rave, 1999; Baskin et al., 
1989). All species, except purple love grass, the other four species were stored at 39.2 ℉ (4°C) for four weeks as prechilling treatment.   
The greenhouse temperature regime was at 72 ℉ (22.2°C) meaning that 
ventilation fans started at 72℉ (22.2°C). However, the temperature fluctuated somewhat 
during the summer.  
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Experimental design 
Schwarz (2015) used the same green roof, formerly used as a research site 
measuring notable long-wave radiation emitted from the adjacent building. Therefore, 
two blocks with the corresponding area were selected on the green roof, and the distance 
from each of them to the building facade was seen as the blocking effect. As shown in 
Figure 2.2 and Figure 2.3, Block 1 was next to the patio and close to the building wall 
while Block 2 is located in the middle of the green roof.  Two blocks were arranged on 
gaps in existing green plantings resulting from drought stress during the previous 
growing season. The greenhouse experiment (Fig 2.4 and Fig 2.5) was considered as a 
homogeneous environment, with two blocks arranged in a short distance between each 
other. Within each block, there were five plots, and to simultaneously control horizontal 
soil and water variability, a randomization of 5 x 5 Latin Square in each plot was chosen. 
Each letter in Latin Square represented one seed for the specific species (Table 2.1).  
 
 
 
 
 
 
 
 
 
 
Figure 2.2 An early evening view of the two green roof blocks 
8 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 Layout of two blocks on the green roof, with Block 1 next to the Patio and Block 2 
located in the middle of vegetated area 
Two blocks 
for seeding 
Patio Vegetated 
area 
Public recreation 
area 
``` 
 
1 
2 
Measuring point 
without seeding 
Figure 2.4 Two blocks in greenhouse (after seeding) 
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100 seeds of each species were sent to Nebraska Crop Improvement Association 
(268 Plant Science Hall, Lincoln, NE, 68583-0911) to test the viability. Pre-planting 
germination tests from the seed lab showed the germination percentages as following: 
Penstemon gracilis 3%, Tradescantia occidentalis 3%, Eragrostis spectabilis 39%, 
Liatris squarrosa 49%, and Carex brevior 67%. The viability was well below expectation, 
especially for Penstemon and Tradescantia. In consideration of harsh environment on the 
green roof, the amounts of seeds in each plot were tripled than what would normally be 
applied for each species in Latin Square design. Therefore, the final experimental design 
Table 2.1 Layout of species in each Latin Square 
Liatris Eragrostis Penstemon Carex Tradescantia 
Tradescantia Liatris Eragrostis Penstemon Carex 
Carex Tradescantia Liatris Eragrostis Penstemon 
Penstemon Carex Tradescantia Liatris Eragrostis 
Eragrostis Penstemon Carex Tradescantia Liatris 
Greenhouse 
benches 
Ventilation fans and the 
direction of wind 
Two blocks 
for seeding 
 Figure 2.5 Layout of two blocks in the greenhouse, with Block 3 and Block 4 close to each other 
3 4
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assumed a 5 x 5 Latin Square with four blocks and the experimental unit was the 
percentage of germination for every three seeds.  
Materials were hand-seeded with the aid of a cardboard template (17.8 cm × 17.8 
cm, the distance between two next holes was 3.8 cm). Seeding was completed on May 31, 
2016, in the greenhouse and on June 1, 2016, on the green roof. To deter seeds from 
being dislodged and washed away during rain or irrigation events, they were lightly 
covered with approximately 3mm of sand. On the green roof, a few existing annual 
weeds were removed before seeding, and because of large seeding row spacing, we 
assumed no interspecific and intraspecific competition during the germination.  
Areas surrounding each block were cleared to keep at least an 8-cm unplanted 
buffer strip separating edges and plots. 
Data collection 
Germination conditions were checked every day and emergence date for each 
germinated seed was recorded. According to the handbook from Nebraska Crop 
Improvement Association, the longest period for each species’ germination is 35 days, 
and in consideration of drought stress on the green roof, we extended the experimental 
until July 15, when there was no new germination occurring. Seedling height was also 
measured and recorded every other day to compare the growth rate. 
Hemispherical images were taken of the sky view above each block (Nikon 
CoolPix 995 and Nikon 0.21x Fisheye Lens FC-E8, Nikon Inc. 1300 Walt Whitman Road, 
Melville, NY 11747, USA). Software (AutoCAD 2012, Autodesk, Inc, 111 Mclnnis 
Parkway San Rafael, CA 94903, USA) was used to estimate the canopy cover. 
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Every day between 12 and 2 pm CDT from June 1 to July 7, 2016 when the sun 
was close to solar noon, a suite of microclimate variables were measured and recorded at 
the greenhouse and on the green roof. After the measurement, all plots in each block were 
watered with a fan nozzle until saturated (approximately 8 liters). These measurements 
included incoming short-wave solar radiation (Lux) (Hydrofrm LG 17010 Digital light 
meter, Hydrofarm, Petaluma, CA USA ), atmospheric temperature (°C), relative humidity 
(%), wind speed (ms-1)(Kestrel 5000 Weather and Environment Meter, NIELSEN-
KELLERMAN, 21 Creek Circle, Boothwyn, PA 19061), and soil surface temperature (°C) 
before and after watering (Everest InterScience 3000 USB 2.0 Infrared Thermometer, 
Raytek Corporation, Santa Cruz, CA USA). On the green roof, the variables were 
measured at three randomly-selected points in each block. In addition, measurements 
were made in the bare area halfway between the planting two blocks (referred to as 
Middle). In the greenhouse, each plot in two blocks was measured separately. 
Measurements in each block were averaged for the next step of the analysis. Also, a 
graduated beaker was installed on the green roof to monitor the precipitation and direct 
irrigation input.  
Atmospheric Vapor Pressure Deficit (VPD) is the difference between saturated 
and actual moisture in the air and its impact has been confirmed on seeds germination 
(Gibson and Bachelard, 1986) and plant growth (Sinclair et al., 2007). VPD was 
considered as a better indicator for drying power than relative humidity and was 
calculated as a function of saturation vapor pressure, es R (kPa)                es = 0.61078 ∙ e(17.269𝐴𝑇𝑇+237.30)                         (Eq. 1) 
Where AT is the atmospheric temperature (°C), actual vapor pressure, ea (kPa)            
12 
 
 
 
          ea = es ∙ RH ∙ 100%                                 (Eq. 2) 
Vapor Pressure Deficit, VPD (kPa) was calculated as:           
          VPD = es − ea R                                                               (Eq. 3) 
Statistical analysis 
Graphical analysis was used to investigate similarities and differences between 
sites and among blocks for germination percentage and midday micrometeorological 
variable. SAS 9.4 and PROC GLMMIX statement was further used to analyze Least 
Squares Means (α=0.05) and test significance. 
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CHAPTER 3: RESULTS  
Germination percentages for each species were compared between green roof and 
greenhouse as well as between two blocks on the green roof. Each environmental variable 
was compared to find out their correlation with germination results. 
Germination results 
Images from hemisphere camera provided a method to estimate the sky 
hemisphere-obstructed above each block.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Canopy cover taken with fish-eye lens for Block 1 (upper left), Block 2 (upper right) 
on the green roof and Block 3 (Bottom left), Block 4 (Bottom right) in the greenhouse. 
Reflected sunshine can be inferred as another source of solar radiation for Block 1 during the 
middle of the day by studying the illuminated and highlighted building exterior in the upper 
left photo. 
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Graphical analysis of Figure 3.1 by AutoCAD showed that on the green roof, 
there were more parts of the sky obstructed by the surrounding buildings in Block 1 
(52.5%) than that in Block 2 (43.1%). By contrast, in the greenhouse, the difference of 
sky hemisphere obstruction between the two blocks was not obvious.  
To compare germination between two sites, the number of germinated seeds for 
each species were summed (Table 3.1). There was little difference between germination 
percentages of Liatris and Eragrostis between the two experimental sites. It was notable 
that seeds of Carex and Tradescantia in the greenhouse had much better germination than 
those on the green roof. There was no germination of Tradescantia on the green roof and 
no germination of Penstemon both in the greenhouse and on the green roof. SAS was 
used to test significance, and the statistical results (Table 3.2) showed a significant 
difference for Carex (α=0.10) and Tradescantia germination between green roof and 
greenhouse. 
Table 3.1 Germination percentages of each species in the greenhouse and on the green roof 
 
Green roof Greenhouse 
Nebraska Crop 
Improvement 
Association 
Number of seeds 
germinated 
Percent of 
germination 
Number of seeds 
germinated 
Percent of 
germination 
Percent of 
germination 
Lisq 13 8.7% 16 10.7% 49% 
Ersp 24 16.0% 30 20.0% 39% 
Pegr 0 0 0 0 3% 
Cabr 35 23.3% 53 35.0% 67% 
Troc 0 0 28 19.0% 3% 
*Lisq=Liatris squarrosa, Ersp=Eragrostis spectabilis, Pegr=Penstemon gracilis, 
  Cabr=Carex brevior, Troc=Tradescantia occidentalis   
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Blocking effect at both sites allowed us to investigate the influence of roof 
microclimate on seed germination (Tables 3.3 and 3.4).The two blocks on the green roof 
had entirely different germination proportions for each species, with nearly no 
germination in Block 1 (closer to the building). Little difference occurred in germination 
between two blocks in the greenhouse. SAS results further showed a significant 
difference of germination for Liatris, Eragrostis, and Carex between two blocks on the 
green roof (Table 3.5 and 3.6). 
 
 
 
 
 
 
Table 3.2 SAS Least Squares Means Difference by species for Percentage of germination 
between two experimental sites 
Simple 
Effect 
Level 
GH GR Estimate 
Standard 
Error 
DF t Value Pr > |t| 
Lisq 0.0980 0.0879 0.01014 0.06777 362 0.15 0.8811 
Ersp 0.1762 0.1633 0.01291 0.06777 362 0.19 0.8490 
Cabr 0.3649 0.2389 0.1260 0.06777 362 1.86 0.0639 
Troc 0.1942 -0.0034 0.1976 0.06777 362 2.92 0.0038 
Table 3.3 Germination percentages of each species in each block on the green roof 
 Green roof 
Block 1 Block 2 
Number of seeds 
germinated 
Percentage of 
germination 
Number of seeds 
germinated 
Percentage of 
germination 
Lisq 0 0 13 17.3% 
Ersp 5 6.7% 19 25.3% 
Pegr 0 0 0 0 
Cabr 0 0 35 46.7% 
Troc 0 0 0 0 
16 
 
 
 
 
Table 3.4 Germination percentages of each species in each block in the greenhouse 
 Greenhouse 
Block 3 Block 4 
Number of seeds 
germinated 
Percentage of 
germination 
Number of seeds 
germinated 
Percentage of 
germination 
Lisq 6 8.0% 10 13.3% 
Ersp 12 16.0% 18 4% 
Pegr 0 0 0 0 
Cabr 26 34.7% 25 33.3% 
Troc 19 25% 9 12.0% 
 
In general, except for Tradescantia in the greenhouse, other species’ germination 
percentages were much lower than the result from the Nebraska Crop Improvement Seed 
Laboratory tests.  Carex in Block 1 (green roof near the building) had the lowest 
germination percentages among all four blocks. 
Table 3.5 SAS Least Squares Means Difference by species for Percentage of germination 
between two blocks on the green roof 
Simple 
Effect 
Level 
Block 1 Block 2 Estimate 
Standard 
Error 
DF t Value Pr > |t| 
Lisq 0 0.1733 -0.1733 0.06585 132 -2.63 0.0095 
Ersp 0.0667 0.2677 -0.2000 0.06585 132 -3.04 0.0029 
Cabr 0 0.4667 -0.4667 0.06585 132 -7.09 <.0001 
Table 3.6 SAS Least Squares Means Difference by species for Percentage of germination 
between two blocks in the greenhouse 
Simple 
Effect 
Level 
Block 3 Block 4 Estimate 
Standard 
Error 
DF t Value Pr > |t| 
Lisq 0.0667 0.1297 -0.06301 0.1033 178 -0.61 0.5427 
Ersp 0.1598 0.1954 -0.03561 0.1033 178 -0.34 0.7307 
Cabr 0.3781 0.3498 0.02830 0.1033 178 0.27 0.78 
Troc 0.2621 0.1251 0.1370 0.1033 178 1.33 0.1865 
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For the timing of emergence for each germinated seed, Appendix 1 showed the 
disturbance of germination. Compared to the greenhouse, the average days after planting 
(the overall days divided by the germination number) on the green roof for each species 
were much longer (Table 3.7), especially for Carex, whose primary emergence did not 
appear until late-June. Also, the growth of Carex seedlings on the green roof was 
extremely slow when compared to the Carex growth in the greenhouse. Another 
particular case was Tradescantia. Although the final germination percentage in the 
greenhouse seemed acceptable, the first emergence appeared on July 1, much later than 
the other seeds’ emergence, and most of the Tradescantia seedlings showed abnormal 
growth (lodging), which is attributed to shallow seeding depth. [Note: greenhouse trays 
were saved and received a 90-day cold treatment (dark at 39° F) in the winter after 
germination tests.  Tradescantia germinated the next spring.  In the future, roof top plots 
will be examined, but not measured for germination of Tradescantia and Penstemon.] 
 
 
 
 
 
Table 3.7 Overall days after planting for each species at two experimental sites 
 Liatris Eragrostis Carex Tradescantia 
Greenhouse 9.25 9.1 13.86792 18.61111 
Green roof 11.69231 19.20833 26.17143  
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Environmental monitoring results 
Environmental variables were measured each day between 12 and 2 pm CDT, 
close to solar noon. During the summer, peak solar radiation, as well as other resulting 
environmental influences could be the principal influencing factors for seeds germination. 
Averages of measurements in each block and measurement on the bare area half way 
between two blocks on the green roof were examined with pertinent graphical and SAS 
analysis. 
Clear skies were the norm except June 1, June 25, July 1, July 2, July 3 and July 4. 
Data on June 14, 28, 29, 30 were not recorded since pesticide use in the greenhouse. 
Measurements gradient on the green roof 
There was no significant difference for air temperatures along the gradient from 
near the building (Block 1) to the center of the green roof (Block 2) (Fig 3.2 and Table 
3.8). 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Midday Air Temperature measurements on the green roof 
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For most days, the middle area (bare growth medium) had the highest values of 
surface temperature, while Block 2 (furthest away from the building) had the lowest 
surface temperature. Results (Table 3.9) indicated that surface temperature in Block 1 
was statistically higher (hotter) than that in Block 2 as well as the Middle location.  
The sand used to cover the seeds (to protect the seeds from runoff) has a larger 
specific heat capacity than the substrate mixture (mainly expanded gravels) on the green 
roof, which largely reduced the temperature fluctuation in a day. 
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Table 3.8 SAS Least Squares Means for midday Air Temperature (oC) among three 
locations on the green roof 
Measuring location Estimate Significance  
Block 1 32.0327 A  
Block 2 31.6552 A  
Middle 31.2631 A  
Figure 3.3 Average midday Surface Temperatures measurements on the green roof 
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Table 3.9 SAS Least Squares Means for Soil Surface Temperature (oC) among three 
locations on the green roof 
Measuring location Estimate Significance  
Middle 49.8900 A  
Block 1 46.4782 A  
Block 2 40.8110 B  
 
The incident short-wave radiation measurements were measured starting June 9. 
Highest measured values happened in Block 1on most days, except during cloudy days of 
June 25, July 1, 2, 3, and 4 (Fig 3.4). Statistical results showed no significant difference 
(α=0.05) among these three locations (Table 3.10). However, when running the statistical 
test for clear days only, the incident short-wave radiation on Block 1 was significantly 
different (α=0.05) from the other two locations (Table 3.11). Also, the measurement of 
Middle location on June 13 was considered as an outlier, which may influence the 
statistical result. 
 
 
 
 
 
 
 
 
Figure 3.4 Midday Incident Short-wave radiation measurements on the green roof  
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Table 3.11 SAS Least Squares Means for midday LUX (lx) measurements among three 
locations on the green roof (Clear days only) 
Measuring location Estimate Significance  
Block1 1573.89 A  
Block 2 1303.47 B  
Middle 1276.21 B  
 
There was no statistically significant difference for VPD among the three 
measuring locations (Fig. 3.5, Table 3.12). However, just as with Incident Short-wave 
radiation, if measurements on cloudy days were removed, the difference of Atmospheric 
Vapor Pressure Deficit between Block 1 and Block 2 becomes significant (Table 3.13). 
 
 
 
 
 
Table 3.10 SAS Least Squares Means for midday LUX (lx) among three locations on the 
green roof 
Measuring location Estimate Significance  
Block1 1349.24 A  
Block 2 1149.88 A  
Middle 1134.88 A  
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There was a significant difference in surface temperature between Block 1 and 
Block 2. During the clear days, incident short-wave radiation and Vapor Pressure Deficit 
were also statically different between the two blocks.  
Figure 3.5 Midday Vapor Pressure Deficit Measurements on the green roof 
Table 3.12 SAS Least Squares Means for Vapor Pressure Deficit (kPa) among three 
locations on the green roof 
Measuring location Estimate Significance  
Block1 2.7067 A  
Middle 2.5717 A  
Block 2 2.4638 A  
Table 3.13 SAS Least Squares Means for Vapor Pressure Deficit (kPa) among three 
locations on the green roof (Clear days only) 
Measuring location Estimate Significance  
Block1 2.9480 A  
Middle 2.7845 A B  
Block 2 2.6806 B  
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Other abiotic factors like air temperature and relative humidity showed no 
difference among three green roof measurement locations. Extreme wind speed is another 
harsh environment factor on green roofs, but here the measurements cannot be compared 
since the values and directions changed so fast on the green roof making such 
instantaneous measurements meaningless. 
Measurements comparison between green roof and greenhouse 
To analyze the cause of different germination between the two sites, data from 
each block’s measurements on the green roof and in the greenhouse were averaged for 
each day. Statistical analysis and graphics were used to portray the difference.  
Significantly higher midday air temperatures were observed on the green roof for 
all days during the experiment except on July 2 and July 3, most likely due to rainy and 
cloudy conditions on the green roof and heating in the greenhouse (Fig 3.6, Table 3.14).  
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Average midday Air Temperature of the green roof and greenhouse (No data recorded 
June 14, 28, 29 and 30) 
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Table 3.14 SAS Least Squares Means for average midday Air Temperature (oC) between 
 two sites 
Site Estimate Significance  
Green roof 89.2808 A  
Greenhouse 79.2939 B  
 
Average midday substrate surface temperatures on the green roof were significantly 
higher than those in the greenhouse (except June 1, July 2 and July 3). It was the same for midday 
average air temperature (Fig 3.7 and Table 3.15). 
 
 
 
 
 
 
 
 
Figure 3.7 Average midday Substrate Surface Temperature of the green roof and greenhouse 
Table 3.15 SAS Least Squares Means for average midday Surface Temperature (oC) 
between two sites 
Site Estimate Significance  
Green roof 89.2808 A  
Greenhouse 79.2939 B  
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Average midday incident short-wave radiation was significantly higher on the 
green roof for all the days, even under cloudy sky conditions (Fig 3.8 and Table 3.16).  
 
 
 
 
 
 
 
 
Figure 3.8 Average midday Incident Short-wave radiation of the green roof and greenhouse 
 
Average midday Vapor Pressure Deficit (VPD) on the green roof was 
significantly higher than that in the greenhouse, except July 2 and 3 when continuous rain 
event caused the VPD on the green roof approaching the minimum value (as a result of 
low air temperature and near saturated conditions) (Fig 3.9, Table 3.17). 
 
 
 
Table 3.16 SAS Least Squares Means for average midday LUX (lx) between two sites 
Site Estimate Significance  
Green roof 1211.33 A  
Greenhouse 472.54 B  
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From the statistical analysis of Figures 3.6-3.9, average midday values of surface 
temperature, atmospheric temperature, solar radiation and vapor pressure deficit on the 
green roof were significantly higher than those in the greenhouse except on July 2and 
July 3 (during the rain event).  
 
 
 
 
Figure 3.9 Average midday Vapor Pressure Deficit of the green roof and greenhouse 
Table 3.17 SAS Least Squares Means for Vapor Pressure Deficit (kPa) between two sites 
Site Estimate Significance  
Green roof 2.5979 A  
Greenhouse 1.0078 B  
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CHAPTER 4: DISCUSSION 
Both moist conditions and suitable temperature are necessary for seeds 
germination. It is not surprising that germination result was overall better in the 
greenhouse than that on the green roof. However, two species, Liatris and Eragrostis 
showed no significant difference of germination percentages between the green roof and 
greenhouse, which may lead to the conclusion that these two species could be good 
choices for seeding programs on green roofs, even in extremely hot summer. The reasons 
for no germination of Penstemon in the greenhouse and on the green roof could be low 
viability and improper pretreatment since insufficient moisture and light in the course of 
cold treatment. 
 The two blocks on the green roof had totally different germination results with 
nearly no germination in the block nearby the building. Incoming shortwave solar 
radiation substrate temperature and vapor pressure deficit showed a distinct difference 
between two experimental sites and also between the two blocks on the green roof in 
clear days. 
From the microclimate variables comparisons, it can be inferred that germination 
difference was due to solar radiation energy driving extreme temperature along with large 
quantity of water loss which inhibited the seeds’ germination or even killed the seeds.  
According to Getter et al. (2009), solar intensities have an impact on plant community 
assemblage by influencing the substrate volumetric water content. Highest values of solar 
radiation were measured in Block 1(near the building) on the green roof.  The Hydrofarm 
LG 17010 Digital light meter only measures the incoming short-wave solar radiation. 
Therefore, the higher values in Block 1 were mainly caused by reflection from adjacent 
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buildings especially from windows and the metallic exterior walls (Fig 4.1), which 
corresponded to the results that there were more illuminated parts on the building wall in 
hemisphere imagines above Block 1(Fig 3.1). Typically, incident longwave radiation has 
less energy than incident shortwave radiation, though the part emitted from the building 
facade further increased and likely extended the length of higher temperature in Block 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Research by Schwarz (2015) on nearly the exact site showed no significant 
difference for daily average solar radiation but found differences for outgoing shortwave 
as well as outgoing and incoming longwave radiation. The longwave radiation from the 
 
Blk 2 Blk 1 
Figure 4.1 Incident shortwave solar radiation and reflection from the north side building. This 
figure was drawn to scale, and in the mid-day of Summer Solstice, the reflective radiation cannot 
reach the whole plots in Block 2, even from the peak of the building. 
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building was much higher than that from the sky so that the area in which the building 
obstructed more of the sky (near the building), received a higher longwave radiant flux 
(Schwarz, 2015).  From Figure 2.2, during the summer time, approaching sunrise or 
sunset, sunlight came from the northeast and northwest sides of the building and the 
Sedum area (Block 1) was shaded by the nearby buildings. Thus, incoming shortwave 
was lower than that from the Native grass area (Block 2) and offset the significant 
difference in the daily incoming shortwave.  
Incident short-wave radiation was not significantly different between the two 
plots on rainy days, since there was little to no reflecting radiation from building structure. 
It was notable that as the solar zenith angles changed during the day, the reflecting 
radiation from building structure shifted. However, around solar noon, when incoming 
solar radiation reached its peak, the strongest reflection concentrated on the plot nearest 
to the building facade, which likely caused more extreme microclimate in this plot and it 
can be surmised it influenced the seeds’ germination. 
Also, from the substrate temperature comparison between experimental blocks 
and the middle area between the two blocks, it can be concluded that the light-colored 
sand with its larger specific heat capacity and higher albedo was better for seeds’ 
germination on green roofs against elevated temperature. 
In theory, the standardized germination test from the seed lab should have shown 
better germination for each species since it was under ideal conditions including 
temperature, moisture, and microorganisms. However, in this research, Tradescantia in 
the greenhouse had better germination result than that in the seed lab test. Moreover, 
germination of Tradescantia was found in the next spring after the end of this experiment. 
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The fact that viable seeds may not germinate in the first year indicated that examining 
germination into a second growing season may increase the overall germination 
percentage for some forb species such as Tradescantia, Penstemon, and Liatris. 
Rainfall and extreme temperature are two main restrictions on the use of certain 
species (Oberndorfer et al., 2007). We finished setting up our experiment at the beginning 
of June, which was unusually warm in 2016. Compared to normal temperature in 
Nebraska, 2016 suffered higher temperature in June. The original timing sequence was to 
seed in May, but several matters precluded that happening.  Later seeding may have made 
a less favorable germination environment for the other native species. 
According to National Weather Service and HPRCC data archives (Appendix 3 
and Appendix 4), both average low and high temperature in June were higher than 
previous years, however, at the same time, the precipitation was much lower than normal 
(0.58 inch compared to 4.34 inch). Although the green roof blocks were watered every 
day, the high temperature and poor water retention of green roof substrate may not have 
supplied enough moisture for germination, especially in Block 1.  Since Penstemon 
gracilis and Tradescantia occidentalis are cool season plants, their reduced germination 
proportion implies that it would be better to start the germination experiment in the 
beginning of May or end of April. A future study might set up several groups of 
experiments in different months to determine the best seeding seasons.  
Limited by seeds availability and plot size, this research may not be precise 
enough. For future research, more replications and more blocks are needed. Intraspecific 
and interspecific competition among the plants on green roofs might also be considered. 
If possible, monitoring and recording the change of surface temperature on the green roof 
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over the course of each day would be a better way to find out the relationship between 
germination proportions and soil temperature changes. Vapor pressure deficit only 
represents the air drying power above plots; soil moisture sensors may be needed to 
monitor the volumetric soil moisture, which has a direct influence on seeds germination. 
Substrate depth is one of the most important factors for biodiversity, so its influence on 
germination may need to be considered in more detail. Wind speed should have played a 
role in moisture evaporation from the substrate, but as stated is the environmental 
condition difficult to measure since it changes rapidly and an average midday value was 
unrepresentative. Real-time monitoring of wind may be needed to fine tune for 
microclimate impacts.  
Another existing problem for seeding is the potential movement of the seed. It 
may not be a problem by using a template and hand seeding, but for large area seeding on 
higher roofs, wind speed on roofs is likely to have an impact and may destroy the original 
design. To solve this problem, McDavid (2012) suggested using hydromulch to quickly 
and efficiently seed for larger areas. Sutton (2013) suggested pelletizing seed. Because of 
the lower expense more advanced techniques used for seeding programs on green roofs 
can be expected. 
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CHAPTER 5: CONCLUSION 
Seeding with native species is an efficient way to fill the gaps on green roofs 
caused by plant death. This research explored the impact of microclimate conditions for 
patch seeding.  
The significant difference for environmental variables between the two blocks 
suggested a heterogeneous environment on this green roof, and based on such 
heterogeneity, future experiments for species selection could be arranged along the 
gradients to test their adaptabilities.  
Temperature and moisture determined the seed germination and plant growth, but 
they were largely determined by solar radiations on green roofs. In this experiment, the 
uneven microclimates were mainly caused by interactions with the adjacent buildings 
including light reflection (shortwave radiation) thermal transmission (longwave radiation) 
and shelter effect. 
Also, from the zigzag curves for each variable in aforementioned graphs and 
strong contrast between clear and cloudy days, it can also be inferred that microclimate 
was not only heterogeneous horizontally, but also changed along the timeline due to 
changing sky conditions.     
The dynamic nature and heterogeneous microclimates on green roofs should be 
thoroughly investigated before any seeding programs indeed any plantings. Since as 
demonstrated microclimates change over only a few meters and they have a huge impact 
seed germination and plant establishment. 
Observing and recording the growth condition of seedlings germinated on the 
green roof and in the greenhouse would be the next step of this experiment. 
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APPENDIX 1: Distribution of germination for each species  
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APPENDIX 2: Temperature and precipitation during experimental period (May 31- 
July 15). All data come from the National Weather Service and HPRCC data 
archives.  
 
 2016 Max Min Mean Pcpn 
Rec Norm Norm Norm 
Min Max Min Mean 
Tuesday 31-May 78 64 71 T 41 79 56 68 
Wednesday 1-Jun 80 57 69 0 40 80 56 68 
Thursday 2-Jun 87 54 71 0 43 80 57 68 
Friday 3-Jun 89 57 73 0.07 40 80 57 68 
Saturday 4-Jun 84 60 72 0 40 81 57 69 
Sunday 5-Jun 88 61 75 0 42 81 58 69 
Monday 6-Jun 87 57 72 0 44 81 58 70 
Tuesday 7-Jun 81 52 67 0 41 82 58 70 
Wednesday 8-Jun 92 60 76 0 39 82 59 70 
Thursday 9-Jun 96 71 84 0 44 82 59 71 
Friday 10-Jun 97 74 86 0 43 83 59 71 
Saturday 11-Jun 97 76 87 0 44 83 60 71 
Sunday 12-Jun 95 72 84 0 43 83 60 72 
Monday 13-Jun 92 71 82 T 43 84 60 72 
Tuesday 14-Jun 94 69 82 0 44 84 61 72 
Wednesday 15-Jun 101 63 82 0 44 84 61 73 
Thursday 16-Jun 98 68 83 0 45 85 61 73 
Friday 17-Jun 100 78 89 0 44 85 62 73 
Saturday 18-Jun 89 68 79 0.5 50 85 62 74 
Sunday 19-Jun 94 68 81 0 42 86 62 74 
Monday 20-Jun 85 67 76 0 47 86 63 74 
Tuesday 21-Jun 98 66 82 0 43 86 63 74 
Wednesday 22-Jun 93 69 81 0 49 86 63 75 
Thursday 23-Jun 84 62 74 0 46 87 63 75 
Friday 24-Jun 94 63 79 0 47 87 64 75 
Saturday 25-Jun 93 76 85 0.01 42 87 64 75 
Sunday 26-Jun 93 68 81 0 49 87 64 76 
Monday 27-Jun 93 71 82 0 49 88 64 76 
Tuesday 28-Jun 87 67 77 0 52 88 65 76 
Wednesday 29-Jun 91 71 81 T 44 88 65 76 
Thursday 30-Jun 91 67 79 0 51 88 65 76 
Friday 1-Jul 81 57 69 T 45 88 65 77 
Saturday 2-Jul 72 62 67 0.88 50 88 65 77 
Sunday 3-Jul 69 61 65 0 49 89 65 77 
Monday 4-Jul 82 64 73 0 47 89 66 77 
Tuesday 5-Jul 96 69 83 0 49 89 66 77 
Wednesday 6-Jul 93 68 81 T 49 89 66 77 
Thursday 7-Jul 89 65 77 2.34 49 89 66 77 
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Friday 8-Jul 90 66 78 0 50 89 66 78 
Saturday 9-Jul 91 69 80 0.07 49 89 66 78 
Sunday 10-Jul 93 76 85 0 48 89 66 78 
Monday 11-Jul 94 72 83 0.73 51 89 66 78 
Tuesday 12-Jul 87 67 77 0 52 89 66 78 
Wednesday 13-Jul 92 68 80 T 50 89 66 78 
Thursday 14-Jul 89 63 76 0 49 89 66 78 
Friday 15-Jul 73 60 67 0.16 51 89 66 78 
NORMAL (Norm) is the 1981-2010 Standard Normals.  
Temperature is "degrees F" 
Precipitation measurement is "inches" 
Precipitation "T" = trace, precipitation was observed but not enough to be measured 
NORMAL (Norm) refers to the 1981-2010 Standard Normals. 
Max = Observed Maximum and Min = Observed Minimum temperatures in deg. F.  
Mean = Observed Mean Daily temperature in deg. F.   
Pcpn = Observed daily precipitation (midnight to midnight, CST) in inches.  
Norm Max = Daily Normal High Temperature (1981-2010 normals) in deg. F.  
Norm Min = Daily Normal Low Temperature (1981-2010 normals) in deg. F.  
Norm Mean = Daily Normal Mean Temperature (1981-2010 normals) in deg. F.  
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APPENDIX 3: Temperature in experimental period compared to previous years in Lincoln.     represents the normal high and 
the       represents the normal low. The top of each vertical bar is the high for the day and the bottom of each vertical bar is the 
low for the day.All data come from National Weather Service and HPRCC data archives.
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APPENDIX 4: Year 2016 Precipitation (in inches) compared to normal in June and July in Lincoln from National Weather 
Service and HPRCC data archives 
  JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ANNUAL 
Normal 0.64 0.77 1.93 2.71 4.29 4.34 3.4 3.49 3.02 1.97 1.43 0.95 28.95 
2016 0.83 0.76 0.93 4.37 5.42 0.58 4.67 . . . . . 17.56 
2015 0.91 0.93 0.77 1.99 10.9 7.66 2.39 3.78 4.93 0.5 1.98 4.42 41.16 
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